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ABSTRACT 

New standardizations have been developed for neutron activation analysis. In 
these methods, experimental activation factors are determined. The unusual feature 
of these techniques is a solution for the effects on the effective activation factors 
resulted from the variation of neutron spectrum at different irradiation positions. 
The methods were used to determine the concentrations of trace elements in USGS 
standard rocks G-2; the results were in agreement with literature values. 
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NEUTRON ACTIVATION ANALYSIS BY CADMIUM 

RATIO AND PAIR COMPARATOR METHODS 


INTRODUCTION 

It is well known that the effective activation factors 
is in close relationship with the b neutron spectrum 
when neutron activation analysis is applied by the 
single comparator method (SCM) [1, 2]. In this paper 
new methods denoted as 'cadmium ratio method' and 
'pair comparator method' are described, which can be 
used for activation analysis with a research reactor 
and provide a solution for the effects on the effective 
activation factors from the variations of neutron 
spectrum at different irradiation positions which are 
usually encountered in the SCM. 

THEORETICAL FOUNDATION 

When a sample is irradiated and measured, the 
photopeak counting rate of a certain nuclide of 
interest in the sample leads to the determination of the 
weight of the corresponding element: 

Km 	 (1) 

Np/(l- e- i. tirr )(e- itd ) CEp (2) 

6.02 X 10
23 

8 "<Pwhen K f5 " 	 (3)M I 

and 

m weight of the element 
M atomic weight of the element 
N p counting rate of the nuclide at the beginning of 

the measurement 
C constant depending on the source-to-detector 

geometry 
<P 	 neutron flux = <Plh + <Pep; where <Plh is the 

thermal neutron flux and <Pep is the epithermal 
neutron flux. 

f5 	 effective activation cross-section. 

f5th +10 where 

<Pth + <Pepi <Pth + <Pepi 


is the thermal activation cross-section and 10 

is the resonance integral. 

Y abundance of gamma-ray. 
8 natural abundance of the target nuclide, 

intrinsic photopeak efficiency of the detector for 

a particular gamma-ray, 

disintegration constant of the product nuclide, 


f5th 

tiff = irradiated period. 
td = cooling period. 

SINGLE COMPARATOR METHOD 

When an element 1 is irradiated with a 'comparator' 
2, the following simple relation holds 

A? miK 1/2 -m2 

(4) 

but 

KI/2 
M2 8I YI cl i 
M1 82'h cl 2 

(5) 

(6) 

where 

M 281Y1 G'lh, 1 

M 1 82"'hG'lh,2 

If K 1/2 values are available for the element 1, the 
concentration for it can be calculated simply as 

m2 (pg) AVA~ 
Pl(ppm) 

ms (g) K 1/2 

Where ms represents the sample weight in grams and 
m2 represents the comparator in micrograms. But 
because K1/2 dependends on the neutron spectrum, as 
shown in Equation (6), a definite value of K 1/2 can be 
used only for the same neutron spectrum at the same 
position of irradiation. This is the main drawback of 
this method. 

THE CADMIUM RATIO METHOD 

The cadmium ratio Red of a nuclide is defined as the 
ratio of the specific count rates obtained after 
irradiation of a comparator with and without 
cadmium cover. This, the Cd-ratio can be written as: 

-~- (Xth<Pth+/O<PepRCd- 
(ASP)Cd Io<Pep 
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(7) 

where 

Asp: Specific count ratio 0 x 6.02 X 1023 

(¢thUth + ¢epJO)}JEp,c 

(AsP)cd = 0 x 6.02 x 1023 

If F = ¢e/¢lh' Qo Ioluth 


Equations (6) and (7) can be expressed as: 


1+ IF
'---K 112 =Ko 

I 'I+Qo,2F 

Qo,1 _ ...._-+ 
2F Qo,2 

(8)
1 

+1 
Qo,2F 

1 
(9)RCd2 = F Qo + 1. 

From Equation (9) 

(10)
Qo,2F 

Then Equation (8) becomes 

~Ko (Ko-Qo,~Ko);RCd2 
= K o (Ko - K e,0)/Rcd2 (11 ) 

where 

(12) 

From Equation (11) it is shown, that the activation 
factor K 1/2 is dependent on the cadmium ratio RCd2 

1
where 0 s;-

- RCd2 

If R =0, Kl/2 =Ko 
Cd2 

where K o: thermal neutron activation factor 

where Ke,o: epithermal neutron activation factor. 
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From the linear relationship between K 1/2 and 
l1Red2 or from the values of Ko and K e•o the value of 
K 1/2 at any irradiated position can be calculated. 

PAIR COMPARATOR METHOD 

In this method an element '1' is irradiated with the 
comparators '2' and '3' simultaneously; then the 
following relation holds: 

From Equation (8) 


1+Qo, IF 

Kl/2 +Qo,2F 

1+(Qo, l/Qo, 2)(Qo, 2F + 1)
=Ko 1+Qo, 2F 


Ko(l Qo, ,2) + (Qo, 1) K . 

o (13)

I+Qo,2F Qo,2 

According to Equation (13), the K3/2 factor can be 
ex pressed as: 

+ KO(3/2)(QO,3/Qo.2)' (14) 

From Equations (13) and (14), QO,2F can be 

eliminated: 


. K K QO,l -QO,2 K 
'. 1/2 = 0(1/3) Q Q 3/2

0,3 0,2 

K QO,I-Qo,3 
°QO.2 QO,3' 

(15) 

From Equation (15) K 1/2 can be calculated by using 

the value of K 3/2 and it is shown clearly that the ratios 

K 1/21K 1/3 are independent of special distribution and 

allow measurements to be made in a variety of 

circumstances. 


EXPERIMENT AL 

All K factors were experimentally determined and 

calculated versus the 411.974 keV {-line of 198Au and 

95Zr_97Zr. K-factors were obtained as an average of 

at least three determinations. In every irradiation, the 

comparator and the element to be investigated were 

packed close together in polyethylene vials or in a 

cylindrical Cd box (1 mm wall thickness, hid = 2). The 
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Figure 1. Ki/2 versus IjRCd2 
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Table 1. Experimental Determination and Calculation of Ko and Ke,o Factors 

Isotope E), Ko Ke,o 
(keV) calculated 

Theoretical Rcd method Pair comparator (Equation 12) 
(Equation 15) (Equation 11) (Equation 13) 

46SC 889.3 1.25 1.24 3.41xlO- 2 

51Cr 
56Mn 
6OCo 

141La 

141Ce 
153Sm 
233Pa 

1120.5 
320.1 
846.8 

1173.2 
328.8 
487.0 
815.8 

1596.2 
145.4 
103.2 
312.0 

1.25 
2.51 x 10- 2 

5.00 x 10- 1 

1.31 
2.90 x 10- 2 

6.35 x 10- 2 
3.31 x 10- 2 

1.32 x 10- 1 
3.67 x 10- 3 
2.19 x 10- 1 

2.53 x 10- 2 

2.48 x 10 3 

6.38 X 10- 2 

3.66xl0- 3 
2.30 X 10- 1 
2.54 X 10- 2 

1.25 
2.50 X 10- 3 

4.99 x 10 1 

1.31 
2.87 X 10- 2 
6.37 X 10- 2 
3.32 x 10- 2 
1.34 X 10- 1 
3.65 x 10- 3 
2.29 X 10- 1 
2.51 x 10- 2 

3.41xlO- 2 

9.13 x 10- 5 
3.41 x 10- 2 

1.71 x 10- 1 

2.16 X 10- 3 
4.75 x 10- 3 
2.53 x 10-3 
9.92xlO- 3 
1.93 X 10- 4 

1.96 X 10- 1 

1.92 X 10- 2 

140La6 

5 
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o 

Figure 2. K 1/2 versus K3/2 e40 La) 
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Au comparators were irradiated as an Au - Al alloy 
and Zr as thin foils. For the element under study, use 
was made of materials similar to those described in 
reference [3,4J. Care was taken to avoid epithermal 
self-shielding, although sometimes small corrections 
had to be applied, e.g. for the 0.5% Au-AI wire (1.5% 
correction, Howe et at. 1962), and for 100 pm Zr foil 
(correction: 2% for 95Zr and 3% for 97Zr [4]. 
Counting was performed using a 40 cm 3 single open
ended coaxial Ge(Li) detector with a source-to
detector separation of 15 cm. 

To investigate the precision and accuracy, the 
methods has been applied to determine the contents of 
elements Sc, Cr, Mn, La, Ce, Sm, and Th in USGS 
Standard Rock G-2, by irradiation in the Egyptian 
reactor. 

RESULTS AND DISCUSSION 

The relationship between the activation factor K 1/2 

with the cadmium ratio. 1/Rcd2 of the comparator are 
shown in Figure 1 where K 1/2 factors were 
experimentally determined and calculated versus the 
411.794 keV y-line of 198Au for 140La (487.0 keV) 
233Pa (312.0 keV) 153Sm (103.2 keV), 51Cr (320.1 keV) 
and 141Ce (145.4 keV) K?/2 and K~~2 as shown in 
Table 1 can be obtained by extrapolating the 
1/Rcd2 0 and 1/Rcd2 = 1 respectively. 

The relationship between activation factors K 1/2 

and K 3/2 of the pair comparator method are shown in 
Figures 2, 3 and 4 where K 1/2 factors were 
experimentally determined and calculated versus the 
411.794 keV y-line for 140La (328.8, 487.0, 815.8, and 
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Figure 3. KI/2 versus K3/2 (s6Mn and 46SC) 
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Figure 4. KII2 versus K312 (SICr and I4lCe) 3 
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Figure 5. The Relation Between Kl/2' K 312 , and 1/Rcd2 

1596.2 keV), 51Cr (320.1 keV), 141Ce (145.4 keV), 
56Mn (846.8 keV) and 46SC (889.3, 1120.5 keV), and 
the activation factor K312 were experimentally 
determined and calculated versus the 756.7 keV y-line 
of 95Zr and 743.4 keV y-line of 97Zr. The relationship 
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between K 1/2' K 3/2 and 1/RCd2 according the two 
methods are shown in Figure 5. It is clear that the 
activation factors can be determined by one of the two 
methods as shown in Figures 6 and 7 which is based 
on Figure 5. In this way the two methods can be 
adopted and at the same time can be compared with 
each other. Comparison between Ko values determined 
by cadmium ratio and pair comparator methods and 
those theoretically calculated according to equation 




